The garden plant portulaca (Portulaca oleracea cv.) efficiently removes bisphenol A (BPA), an endocrinedisrupting chemical, from a hydroponic solution, but the molecular mechanisms underlying BPA metabolism by portulaca remain unclear. In this study, BPA metabolites converted by portulaca were analyzed by liquid chromatography coupled with tandem mass spectrometry. We observed the hydroxylation of BPA and the oxidization of it to quinone. Polyphenol oxidases are likely to contribute to BPA degradation by portulaca.
Bisphenol A (2,2-bis(4-hydroxyphenyl)propane; BPA), is a monomeric starting material often used in the production of polycarbonate and epoxy-phenolic resins. 1) High levels of it have been found in the leachates of waste landfills and in wastewater associated with factories that produce plastics.
2) BPA has estrogenic properties, causing disorders including abnormal sexual differentiation and disrupted reproductive function.
3) Hence the establishment of an efficient BPA removal system for landfill leachates and industrial wastewaters is required.
Phytoremediation, the use of higher plants in bioremediation, is a promising technology for the removal of pollutants from soil and water owing to two highly practical advantages: it is easy to control and is low in cost, 4) but the rates of pollutant removal by plants are generally much slower than those by other techniques such as adsorption to active carbon and ozonization. 5) Previously, of more than 100 different garden plants tested, we found that portulaca (Portulaca oleracea cv.) degraded BPA most rapidly from a hydroponic solution. 6) This suggests that portulaca might form the basis of a practical BPA phytoremediation system. The BPA metabolites produced by portulaca have not yet been characterized. Hence in this study BPA metabolites produced by portulaca were analyzed by liquid chromatography coupled with tandem mass spectrometry (LC/ MS/MS). The portulaca used in this study was obtained from Kanden L-Heart (Osaka, Japan), but we have confirmed that other portulaca cultivars degraded BPA. Shoots of portulaca plants were surface-sterilized with 0.5% antiformin, rinsed in distilled water, and placed in Murashige-Skoog medium with 0.2% gellan-gum. The plants were subcultured by cuttage to prepare genetically identical specimens. Each plant was incubated in water containing 50 mM BPA at 25 C under a light source (50 mmol s À1 m À2 ). The ratio of whole-plant weight to BPA-solution volume was approximately 1.0 g to 12.5 mL. After incubation, a hydroponic solution was filtered through a hydrophilic PTFE membrane (Millex-LG, 0.20 mm pore size, Millipore, Billerica, MA), and 5 mL of filtrate was applied to LC/MS/MS analysis. LC/MS/MS was performed using a Waters Acquity UPLC (Waters, Milford, MA) coupled to a Waters Quattro Premier XE (Waters). LC separations were carried out at 40 C with an Acquity UPLC BEH C18 column (1.7 mm, 2:1 Â 50 mm, Waters). The flow rate was set at 0.5 mL/min. A photodiode detector was used to monitor the absorbance of the eluent at wavelengths between 200 and 400 nm. For the MS and MS/ MS experiments, the instrument was set to collect data using an electrospray interface and negative-ion mode. The collision gas was argon. The MS instrumental conditions included a capillary voltage of 4.5 kV, a cone voltage of 40 V, a desolvation temperature of 350 C, a source temperature of 120 C, a desolvation gas flow of 800 L/h (N 2 ), and a cone gas flow of 50 L/h (N 2 ). Data y To whom correspondence should be addressed. Fax: +81-6-6879-8239; E-mail: hirata@phs.osaka-u.ac.jp Abbreviations: BPA, bisphenol A; MS, mass spectrometry; MS/MS, tandem mass spectrometry; LC/MS/MS, liquid chromatography/tandem mass spectrometry; NMR, nuclear magnetic resonance acquisition and processing were done using MassLynx 4.1 (Waters). The collision energies were 20 V and 26 V for BPA and its metabolites respectively.
We detected four BPA metabolite peaks, corresponding to retention times of 0.76, 0.83, 0.54, and 0.59 min ( Fig. 1A ) with absorbance at wavelengths between 200 and 400 nm. Here, we refer to these four metabolite peaks as M1, M2, M3, and M4 respectively. We also analyzed the UV spectra of BPA and its metabolites (Fig. 1B) . All of them showed maximum absorbance at 280 nm. This is a typical spectrum of the benzene ring. Additionally, increases in absorbance at near 380 nm of M2 and M4 were observed in comparison to BPA, which suggests that these metabolites possess a quinone moiety.
7) Furthermore, we determined the masses of the intact metabolites by MS scan. In electrospray negative ion mode, M1, M2, M3, and M4 were observed at m=z 243, 241, 259, and 257 respectively. As compared to the m=z 227 of BPA, M1 appeared to be a BPA derivative in which one proton was replaced by a hydroxyl group. M2 was probably a derivative that lost two hydrogen atoms from M1. Substitution of hydrogen into an OH group occurred, causing M3. M4 probably lost two hydrogen atoms from M3 in the same manner as M2.
We characterized these metabolites structurally by MS/MS experiments. The mark of BPA fragmentation was a cleavage that separated BPA-base molecules into the two phenolic groups, producing two peaks of fragments, at m=z 93 and 133 ( Fig. 2A) . The peak at m=z 212 (½M À CH 3 À H À ) corresponded to the desorption of one methyl group of BPA.
The MS/MS spectrum of M1 contained peaks not only at m=z 93 and 133, like BPA, but also at m=z 109 and 149. These latter values are 16 units larger than the m=z values, 93 and 133, suggesting that one hydrogen atom in one phenolic group in BPA is replaced by a hydroxyl group in each fragment (Fig. 2B) The MS/MS spectrum of M2 had peaks corresponding to m=z 93 and 133. This suggests that one of the phenolic groups was unmodified (Fig. 2C) . In addition, the spectrum of M2 contained peaks at m=z 106, 185, and 197. Such peaks suggest that the catechol (1,2-diphenol) group was oxidized to yield a 1,2-quinone. The MS/MS spectrum of M3 contained peaks at m=z 109 and 149, but was missing the peaks at m=z 93 and 133 that were present in the spectra of BPA and M1 (Fig. 2D) . This fragmentation pattern indicates that both phenol groups were hydroxylated.
The MS/MS spectrum of M4 had peaks at m=z 109 and 149 (Fig. 2E) , indicating the presence of a catechol group. In addition, the presence of peaks at m=z 201 and 214 indicates that M4 also contained a quinone group. Thus, it appears that one of the M3 catechol groups was oxidized to yield the 1,2-quinone group. To our knowledge, there have been no reports of the generation of M4, 4-[1-(3,4-dihydroxyphenyl)-1-methylethyl]-1,2 benzoquinone from BPA. We also detected m=z 255, which appeared to be m=z of the bisquinone derivative of BPA, 7) in the same hydroponic solution, but the UV and MS/MS spectra of this metabolite were not obtainable (data not shown). Isolation of these metabolites, except for M1, was unsuccessful because they were unstable compounds, but the MS/MS spectra should provide evidence sufficient to elucidate the structure of the BPA metabolites.
Summarizing our results, portulaca metabolizes BPA by the following steps: First, BPA is hydroxylated to M1, which is then oxidized to give M2 or hydroxylated to give M3. In a subsequent step, M3 is probably converted into M4 by further oxidation of the catechol group, or, by another pathway, M2 is hydroxylated to give M4. This proposed metabolic pathway of BPA in portulaca is summarized in Fig. 3 .
The types of reactions involved in the conversion of BPA to M1 and M2 parallel those used by polyphenol oxidases (PPOs). These enzymes catalyze the orthohydroxylation of the 4-hydroxybenzene moiety to the catechol group and further oxidation of the catechol group to 1,2-quinone. 8) It is known that PPOs require oxygen to perform the hydroxylation of phenol compounds. To verify the contribution of PPOs to BPA metabolism in portulaca, the plant was incubated in BPA solution depleted of dissolved oxygen by nitrogen gas bubbling flush under the conditions, described above. Then, we did not observe BPA metabolism (data not shown). We also examined the effect of tropolone, known to be an inhibitor of PPO, 9) on BPA metabolism. Hydroxylation of BPA was completely inhibited in the presence of more than 10 mM tropolone. The inhibition rate in 10 mM tropolone was 87%. Thus, PPO isozymes are likely to metabolize BPA in portulaca.
Other researchers, using other systems, have identified enzymes or enzymatic activities that produce the same metabolites from BPA that we report here. For example, mushroom PPO metabolizes BPA to M2. 7) A crude potato enzyme extract converts BPA to M1. 10) Glycosylated derivatives of BPA are produced by Eucalyptus perriniana, and the structures of these compounds suggest that M1 and M3 might be the substrates for glycosylation.
11) However, these plants are not appropriate for phytoremediation, owing to difficulty of cultivation, usage of food materials, and so on. As found in this study, the BPA degrading enzymes of portulaca are likely to be PPO isozymes, which are present in many plants. As compared to other garden plant species, however, portulaca removes phenolic pollutants much more rapidly. Furthermore, garden plants are easy to cultivate and propagate. They are also acceptable to the public due to their beauty. Hence portulaca is a promising plant for the phytoremediation of BPA. Characterization of the portulaca enzymes contributing to BPA metabolism represents an attractive project. Although we have isolated and characterized a portulaca peroxidase gene, 12) its functional details have not been elucidated as yet. Characterization of Bisphenol A Metabolites
